In this paper we consider a set of portable stations which communicate with a basestation equipped with a smart antenna operating in multibeam packet-switched SDMA mode. We assume that the system operates using time division duplexing (TDD) and focus on the problem of access to the stations by the basestation in the forward link direction. A polling protocol is used which permits e cient access in this type of system. The operation of the protocol is unique in that it permits dynamic slot allocation and accommodates variations in channel time coherence. In the protocol, dynamic slot assignment is integrated into the forward link beam scheduling. The results show the improvements in capacity which are possible in such systems and give insight into the degradation in protocol performance which occurs when channel coherence times decrease. We nd that very large improvements in capacity are possible, especially under harsh channel conditions. We also investigate various basestation queueing issues in this type of system. It is shown that care must be taken in how bu ering is performed so that blocking e ects do not unnecessarily degrade the forward link capacity.
I. INTRODUCTION
Recently adaptive antenna arrays have been considered for use in packet-switched networks. In 1], a multiple-beam adaptive array was proposed in which each beam-module of the array captures a di erent packet by automatically pointing its maximum at one packet and nulling out the others. This capability of resolving multiple packets at the same time and frequency is referred to as space division multiple access or SDMA. SDMA has the potential for large increases in system capacity and has recently been studied in 2, 3, 4] . In this paper we consider the performance of a set of portable stations sharing a single indoor narrowband radio channel. The portable stations communicate with a basestation which is equipped with a smart antenna operating in multibeam SDMA mode. We assume that the system operates using time division duplexing (TDD) and focus on the problem of access to the stations by the basestation in the forward link direction (i.e., basestation to portables). A polling protocol is used which permits e cient access in this type of system. The operation of the protocol accommodates variations in channel coherence time. In the protocol, dynamic slot assignment is integrated into the forward link beam scheduling. Using this technique, system capacity can be increased substantially under non-ideal propagation conditions. The results show the improvements in capacity which are possible in such systems and give insight into the degradation in protocol performance which occurs when channel coherence times decrease. We also investigate various basestation queueing issues in this type of system. It is shown that care must be taken in how bu ering is performed so that blocking e ects do not unnecessarily degrade the forward link capacity.
II. SMART ANTENNA BASESTATION Figure 1 shows the basestation of the system under consideration. The basestation is equipped with an N -element antenna array. There are S portable stations which have a much simpler design using omnidirectional antennas. The basestation functions as a bridge between the wired network and the portable stations. The basestation is responsible for queuing incoming packets and scheduling their transmission to the stations using SDMA/TDMA. We will assume that there are S queues at the basestation, one for each portable. We will also assume that all tra c destined for the stations passes through the basestation, that is, there are no direct station-to-station transmissions. The system is narrowband and uses time division duplexing (TDD) to accommodate reverse link (portable to basesta-. . . Figure 1 shows the forward link con guration of the basestation. As discussed in 2], the basestation antenna is also used for reverse link reception. However, in this paper we focus exclusively on the task of scheduling packets in the forward link direction. Under SDMA operation, adaptive beamforming can be used to communicate with multiple portables at the same time and frequency. When L portables transmit L signals simultaneously to the basestation, the smart antenna attempts to recover each of the L transmitted signals by calculating a weighted sum of the signals received at each of the N antenna elements. The smart antenna will not always be able to receive or transmit N signals simultaneously. Depending on the relative locations of the portables involved and the propagation scenario, the smart antenna can accommodate up to N portables at the same time. As described in 2], when L packets are transmitted to the basestation, it attempts to correctly receive them by forming L beams, one speci cally designed for each signal. In the reverse link direction, optimal Wiener ltering can be used to maximize the SINR for each received signal 2] respectively. w dopt is the optimal reverse link weight vector for station d. In order to determine whether a group of L portables may transmit simultaneously, the basestation calculates the optimal weight vectors for all L beamforming modules. The L portables are said to be compatible on the reverse link if all of the L transmitted signals have a SINR rl that is greater than or equal to a speci ed minimum acceptable, SINR rlmin . Since a TDD system is being considered, there is reciprocity in the radio channel provided channel coherence times are su cient large. Therefore, one heuristic method of achieving acceptable SINR for forward link beamforming is to use the optimal weights of the reverse link. It should be noted that this selection of weights will result in the same SIR (but not SINR) as in the reverse link case. Using the weights of Equation 1, the SINR of the desired signal at portable d is
It should be noted that the weights must be scaled for forward link transmissions to control the output power of the array. w i;j opt is de ned to be the element in the ith row and jth column of W opt , where W opt = w 1opt w 2opt : : : w Lopt ].
P w is de ned as
If the output power per transmitted signal is equal to P max , the scaled weights are found using
The basestation may transmit simultaneously to a group of L portables if each of the L portables has a SINR fl which is greater than or equal to a speci ed minimum acceptable, SINR flmin . If this condition is satis ed, the L portables are said to be compatible on the forward link.
III. POLLING MAC WITH DYNAMIC SLOT ALLOCATION
In 5] and others, polling is used as a means by which the basestation with the smart antenna can measure the signature of each of the portables. To do this, the basestation sends a polling message to the portable. Upon receiving the poll, the portable responds with a known sequence of bits. During this interval, the basestation can measure the station's signature. Due to the time varying nature of the wireless channel, the basestation needs to periodically update its knowledge of spatial signatures. We refer to the maximum time that can elapse before a portable needs to be In the system considered, forward and reverse link frames continuously alternate in time. When there are no packets waiting to be sent on the reverse or forward link, transmissions continue on the forward or reverse link, respectively, so that the channel is not left idle. In this paper, we focus exclusively on the operation of the forward link. Figure 2 displays the forward link operation of the protocol. The basestation begins by drawing packets from its packet bu ers in round robin, FCFS order. The destination of each packet is polled by the basestation in omnidirectional mode. The basestation then allocates the packet to a slot according to one of the following slot assignment schemes. This process continues, provided the time from when the rst station was polled until the end of the currently formed transmission frame does not exceed the channel coherence time. Once the frame is constructed, the basestation transmits the packets. SDMA-TDMA slot assignment refers to the construction of a frame containing SDMA-TDMA slots, given a group of portables who have packets to transmit to the basestation or to whom the basestation has packets to send. Given a batch of T portables, a slot assignment scheme will assign all of them to slots in such a way that each slot contains packets which are compatible. It can be shown that, for the system being considered, the problem of minimizing the number of slots needed for a given number of portables is NP-complete 2]. Some slot assignment algorithms are proposed below, in increasing order of complexity.
RANDOM (FCFS) SDMA-TDMA: This scheme begins
by assigning the rst portable to the rst slot. Each successive portable is tested for compatibility in the rst slot. This continues until a portable is found to be incompatible. The incompatible portable is assigned to a new slot. The algorithm tests each successive portable for compatibility in the most recently generated slot. Compatible portables are added and incompatible portables are assigned to a newly generated slot. The complexity of this algorithm is low since there is only one compatibility test done per packet.
ORTHOGONAL FIT SDMA-TDMA: The rst portable is assigned to the rst slot. The algorithm then nds the unassigned portable with which the most recently generated slot has the largest minimum orthogonality factor, across all the portables already assigned to the slot. FIRST FIT SDMA-TDMA: The rst portable is assigned to the rst slot. Then it searches for the rst unassigned portable that is compatible in the most recently generated slot. It assigns this packet and repeats this search until all the portables are assigned. When no compatible packet is found for a slot, the rst unassigned portable that was tested is assigned to a newly generated slot. While this scheme is more exhaustive than RANDOM and able to pack portables into slots more tightly, the computation required can be much greater. The number of compatibility tests which need to be done for each packet's assignment depends on the total number of unallocated portables and on how quickly a compatible portable is found.
MAXMIN FIT SDMA-TDMA: The rst portable is assigned to the rst slot. The algorithm then tests each unallocated portable for compatibility in the most recently generated slot. Each time a portable is tested, a SINR is calculated for all of the portables in the group being tested. The unassigned portable which is found to be compatible and yields the largest minimum SINR, across all the portables in the slot, is assigned. If none of the unassigned portables are compatible, the rst one is assigned to a newly generated slot. The number of compatibility tests done for each packet assignment can be very large depending on the number of unallocated portables. The slot assignment schemes described above were integrated into the MAC protocol discussed earlier. For the details of this, the reader is referred to 6].
IV. CAPACITY PERFORMANCE
In this section we consider the forward link capacity of the system. A frequency non-selective Rayleigh fading environment was considered. Independence across the antenna elements is a reasonable assumption indoors provided they are adequately separated 7] . The basestation begins by drawing packets from its packet bu ers in round robin FCFS order. Once the forward link frame is constructed, its length being less than or equal to the channel coherence time, the basestation transmits the packets to the portables. In some cases, the basestation begins transmitting packets before the whole frame is constructed. If the basestation is nished acquiring signatures, it begins transmitting the SDMA-TDMA slots so The expected forward link capacity, C fl , is de ned to be
where P represents the number of packets transmitted in one forward link frame and l f is the length of the frame in units of data slot durations. Capacity is evaluated under conditions of heavy load, when the basestation always has at least one packet waiting in each of its S packet bu ers. The performance of the protocol was evaluated using computer simulation. The computation time for the slot assignment schemes used in the frame construction process were taken into account. It was assumed that 10 9 oating point operations could be done every second. The forward link capacity was found using Equation 6 . Both E(P ) and E(l f ) were calculated by averaging over a large number of forward link frames. The 95% con dence interval is within 3% of the plotted values for the results presented. The exceptions to this are the curves for MAXMIN slot assignment in Figure 3 . The points on these curves can vary by as much as 5-7%. In the gures, t s is the data slot duration, t p is the polling minislot duration, and t c is the channel coherence time.
At high SNR, little distinction can be made between the di erent slot assignment schemes. This is because, at low noise, almost all combinations of portables will be compatible and there is little bene t in intelligent grouping. Figure 3 shows the case for a lower SNR of 10 dB. At this SNR, the more intelligent algorithms give higher capacities. FIRST FIT does the best of all the algorithms. MAXMIN FIT is the next best in the range of 10 to 40 portables. Unlike the other three algorithms, with which the capacity stops decreasing after the number of portables exceeds about 30, the MAXMIN FIT curve continues to decrease. This is because the computation time of MAXMIN FIT is large relative to the coherence time. The performance of ORTHOGONAL FIT is quite similar to RANDOM for t c = 10 ms, even at a low SNR. We also nd that at higher coherence times, the distinction between the algorithms is greater. In Figure 4 the capacity is shown for increasing SNR. The number of portables is 50 and curves are shown for two different coherence times, 10 and 40 ms. Again the in uence of decreasing SNR and coherence time is displayed. High noise levels cause a substantial decrease in the capacity of RANDOM, at both coherence times. The more intelligent slot assignment schemes are less sensitive to decreasing SNR. Again, the performance of MAXMIN FIT, relative to the other types of slot assignment, is shown to improve as the coherence time increases. An issue of importance related to the basestation is the method of packet queuing. So far it has been assumed that the basestation has one queue for each of the portables within its coverage area and packets arriving to the basestation are put in the queue corresponding to their destination. When the basestation has only one queue, multiple packets for the same portable arriving in batches can block the packets behind them and disable the basestation from utilizing the beamforming capabilities of the array. Figures 5 and 6 compare the capacity with S queues to the capacity with only one queue. Each successive packet is drawn from a uniform distribution in the single queue simulation. The e ects of multiple packet messages were also considered but the results are not presented here. It can be seen from Figure 5 that the two types of queuing The reason for this is that, as the number of portables increases in the single queue case, the probability of the basestation drawing multiple packets in a row for the same destination decreases. Figure 6 shows that the single queue capacity also increases with increasing coherence time, but not as rapidly as it does for the multiple queue case. These curves show that there is bene t in performing intelligent slot assignment for the single queue case as well as the multiple queue.
V. CONCLUSIONS
A polling based SDMA protocol with dynamic packet allocation was proposed for use in a smart antenna basestation system. Four dynamic allocation algorithms were proposed and integrated into the frame construction process of the protocol. The variation of the protocol's performance with SNR and channel coherence time depends on the allocation algorithm being used. The more intelligent the algorithm, the lower its sensitivity to decreasing SNR and the higher its sensitivity to increasing coherence time. Intelligent slot assignment can dramatically increase system capacity, particularly with a low SNR and a long coherence time. High polling overhead reduces the capacity signi cantly and inappropriate packet bu ering at the basestation has catastrophic e ects on the forward link capacity improvements. The algorithms, in decreasing order of raw frame capacity, are MAXMIN FIT, FIRST FIT/ORTHOGONAL FIT, and RANDOM. FIRST FIT and ORTHOGONAL FIT have an almost identical performance. MAXMIN FIT shows a 35% improvement over RANDOM for N = 6, S = 50 and t c = 40 ms. 
